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1. Introduction

Ceria, or cerium dioxide (CeO2), has recently attracted a 
diverse range of attention due to highly interesting technical 
applications, such as solid oxide fuel cells [1, 2], catalysts  
[1, 3], optical components [4, 5], and potential microelec-
tronic applications [6]. Under ambient conditions, ceria crys-
tallizes in the fluorite structure (Fm3m, space group 225). 
Pressures around 30 gigapascals (GPa) have been found to 
cause a transformation to space group 62, as demonstrated by 
x-ray diffraction (XRD) [7, 8] and Raman studies [9]. For the 

high pressure phase, work by Duclos [7] reports a Pnam space 
group and Liu [10] reports Pbnm.

Beyond this, information about the compressibility and 
electronic properties are not widely available and are essential 
for construction of an accurate equation of state (EOS). While 
compressibility has been probed, measurements are limited in 
pressure to 70 GPa and show varying effects of hydrostaticity. 
For example, it is known that a hydrostatic environment can 
alter the transition pressure or bulk modulus when compared 
with a similar non-hydrostatic environment [11, 12]. Reports 
on the bulk modulus for theoretical and experimental studies, 
compiled in Gerward et al [8], span the range from 176 to 357 
GPa, which more sharply illustrates how important the hydro-
static environment can be. The added influence of temper-
ature can also have strong effects on the crystal structure.  
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Abstract
One of the most widely used x-ray standards and a highly applied component of catalysis 
systems, CeO2 has been studied for the purpose of better understanding its equation of state 
and electronic properties. Diamond anvil cells have been used to extend the equation of state 
for this material to 130 GPa and explore the electronic behavior with applied load. From the 
x-ray diffraction studies, it has been determined that the high pressure phase transition extends 
from approximately 35–75 GPa at ambient temperature. Elevation of temperature is found to 
decrease the initiation pressure for this transition, with multiple distinct temperature regions 
which indicate structural related anomalies. In addition, hydrostatic and non-hydrostatic 
effects are compared and exhibit a drastic difference in bulk moduli. The electronic results 
indicate a change in the scattering environment of the cerium atom, associated with the high 
pressure phase transition. Overall, these results present the first megabar pressure study 
and the first high pressure and temperature study of ceria. Additionally, this shows the first 
combined study of the K and LIII edges of this material to 33 GPa.
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Yashima et al’s work [13] is an excellent example, where 
they used neutron diffraction to study O structural disorder 
and showed elevated temperatures result in the O ions bulging 
along the body center and c-axis of the crystal.

It is also unclear what effect pressure has on the electronic 
properties of CeO2, as no investigations of this sort were 
found. In contrast, valence effects induced by ion beam expo-
sure [14] have been found to increase the trivalent character 
of the compound at ambient pressure. Ultimately, more infor-
mation about the high pressure crystalline or electronic struc-
ture is needed to better understand both and enhance usage in 
applications. To remedy this lack of information, this work 
presents high pressure spectroscopic and high temperature/
pressure equation of state results for CeO2.

2. Experimental details and data analysis

All experiments described involved ceria powder of 99.5% 
purity (325 mesh, American Elements). High pressure EOS 
experiments were undertaken at Sector 16 of the advanced 
photon source (APS), using beamlines 16-ID-B and 
16-BM-D ( 0.406 626λ =  and 0.424 603 Å, respectively). 
Samples were co-loaded with ruby [15] and Pt [16] for pres-
sure calibration with either neon for pressure transmission or 
no pressure medium. Ruby was used during the gas loading 
process to determine the starting pressure and success of the 
gas loading attempt. For high temperature measurements, gas 
loaded cells were placed in a recently developed vacuum fur-
nace (max T 400≈  °C) at the 16-BM-D beamline. Pressure 
on all cells was controlled using a remote gas membrane 
setup and isothermal compression curves were collected at 
100 °C increments up to 300 °C using a MAR image plate.

All resulting patterns were integrated using Fit2D [17] and 
Rietveld refinement was performed on the ambient phase and 
pressure standard using MDI’s JADE [18] with the high pres-
sure phase refined as a structureless (i.e. no atoms) phase. In 
these fits, a Pearson-VII peak shape was used with the full-
width at half-maximum refined individually for each peak. 
Results from these fits displayed Rp values less that 5% for 
the refinement and determinations of the platinum unit cell 
para meter was used determine pressure errors, amounting to 
approximately 1% of the applied pressure. An example fit for 
the high pressure phase is shown in figure 3(b). EOS data was 
obtained using the EOSfit GUI software [17] using a third-order 
Birch–Murnaghan fit. Data and standard errors for each were 
included in the fit results, with all para meters fit simultaneously.

In addition, CeO2 was loaded in a Be gasket with a 125 μm  
hole between 300 μm anvils to investigate the electronic 
structure with pressure. Ruby was used as an internal cali-
brant [15], with pressure determined from the average pres-
sure across the sample chamber. Resonant inelastic x-ray 
scattering (RIXS), at beamline 16-ID-D at the APS [19], 
was used with the incident energy set at the cerium LIII edge 
(5.723 keV). The signal was analyzed by a spherically-bent 
Si crystal and an AmpTek detector in a Rowland circle. A 
similar setup was used to perform the lower pressure x-ray 
diffraction (hydrostatic/neon and non-hydrostatic/no medium) 

and x-ray absorption near edge spectroscopy (XANES) using 
the cerium K edge (40.443 keV) at beamline 16-BM-D at the 
APS. Specific details of the technique are presented elsewhere 
[20]. 300 μm culet diamonds were used with a spring steel 
gasket, pre-indented to 50 μm thick and a 150 μm hole and 
samples were co-loaded with the same calibrants used for the 
130 GPa experiment. XANES measurements were performed 
using pre- and post-sample ion chambers to normalize data  
in situ. For both spectroscopy (RIXS and XANES) experi-
ments, the energy resolution is approximately 1 eV, with four 
patterns collected at each pressure and averaged to reduce 
measurement noise.

3. Results and discussion

3.1. High temperature and pressure diffraction results

Refinement results for the high pressure, ambient temperature 
XRD unit cell volume (Å) versus pressure data are shown in 
figure  1. Evolution of the unit cell parameters for the high 
pressure phase have also been evaluated and show the c-axis 
is much stiffer than the remaining two, as shown in figure 2. 
The previously reported transition was found to begin around 
35.6 GPa and remained to 73 GPa in hydrostatic loading. 
Co-existence of the two phases is clearly seen in the XRD 
patterns shown in figure  3. From our study, the best fit for 
the high pressure phase was obtained with the Pnam space 
group and unit cell parameters at 73.5 GPa of a  =  5.535(2), 
b  =  6.478(2), and c  =  3.363(1). Further, the compression 
of the orthorhombic phase has been found to result in iso-
tropic compression, as the trend for each lattice constant is 
It is immediately seen that there are significant differences 
between the hydrostatic and non-hydrostatic experiments. 
Non-hydrostatic samples show a much higher bulk modulus 
(B0) than the hydrostatic counterpart, as shown in table  1. 
Non-hydrostatic loading was found to initiate the high pres-
sure transition approximately 5 GPa lower than the hydrostatic 
environment. Similar behavior has been previously seen for 
several other rare-earth bearing oxide materials, as reported 
by Errandonea et al [21].

As can be seen from these results, the equation  of state 
parameters compare favorably with previously reported 
values. This transition results in a 7.6 0.2± % volume collapse, 
comparing favorably with the 7.5 0.7± % reported by Duclos 
[7] and 9.8% reported by Gerward [23]. Although the results 
in table 1 indicate Gerward’s [23] work as being hydrostatic, 
the pressure medium used was 4:1 methanol:ethanol which 
is known to become non-hydrostatic above 10 GPa [24, 25]. 
As a result, data above 10 GPa using methanol:ethanol media 
can be expected to align better with non-hydrostatic data, as 
is seen in the equation of state plots (figure 1).

The high temperature isotherms show increasing temper-
ature leads to an earlier initiation to the phase trans ition, 
evidenced in the equation of state data in figure 4(a). The 
transformation is found to begin around 28 GPa at 200 °C  
and 26 at 300 °C. Inspecting the boundary on a high pres-
sure–temperature phase diagram, there appears similar 
behavior to that of zirconium [26] where high pressure 
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and temperature induce a kink in the α–ω phase boundary. 
While more work needs to be done to characterize this 
boundary, this feature appears at the initiation of the phase 
transformation between ambient and 200 °C, as shown in 
figure 4(b).

3.2. Spectroscopic results

For the RIXS experiments, collected patterns are shown in 
figure 5(a). The nearly ambient pattern was found to com-
pare very well with previous RIXS data on the ambient pres-
sure material [27, 28]. These patterns were found to exhibit 
five clearly identifiable peaks, with a edge energy shift of 
approximately 0.8 eV over the measured pressure range. 
This shift did not begin until approximately 26 GPa, indi-
cating the shift is associated with the phase transition instead 
of a gradual process and is in agreement with previous work 
to 20 GPa [27].

A similar situation is found from the results of the XANES 
experiments. As shown in figure  5(b), there is a clear shift 

Figure 1. Ambient temperature unit cell volumes (Å
3
 ) versus 

pressure obtained by angle dispersive XRD are shown (a) with an 
example image of the gas loading for the 130 GPa experiment. In 
this inset, ruby and sample are labeled with an example scale bar. 
In addition, a close-up region up to 40 GPa is shown (b) with the 
equation of state fit for the 130 GPa experiment. Errors from this 
work are smaller than the size of the symbol. As a check for the 
equation of state used, the lower panel (c) shows the f–F plot for 
the 130 GPa experiment, demonstrating that a third-order Birch–
Murnaghan fit is appropriate for this data.
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in the edge energy with applied load. In this, the measured 
XANES pattern for the ambient material is compared with 
that obtained at 32 GPa. The edge energy is found to shift 
by  ≈6 eV over this pressure range. In the RIXS plot, the first 
post edge peak has been previously assigned as 4 f 0(Ce+4), 
while the edge peak is most often assigned as 4 f1 (Ce+3)  
[27, 29–32]. Additionally, the pre-edge feature has been asso-
ciated with 4 f–4 f interactions [33, 34]. Therefore, the shift 
in both these results can possibly indicate a valence shift 
towards a more tetravalent state. Alternately, a change in the 
band structure of the material could also explain the pressure 
induced shift. One method to investigate this is to process 
the RIXS data through the Demeter package (Artemis and 
Athena) [35]. From this, we can obtain the scattered intensity 
as a function of radial distance from a central cerium atom, as 
shown in figure 6.

From the Fourier transform and IFEFFIT calculations, 
both patterns show a substantial contribution from the 
shortest pathway (first oxygen shell). However, the ambient 
pattern shows a more substantial component from the next 
two (double scattering from first shell oxygen and single 
scattering from first shell cerium). In contrast, the 33 GPa 
pattern shows a increased contribution from the various 
pathways of length greater than 4 Å. Further analysis is dif-
ficult, as the breadth of these features, the relative close-
ness of the scattering pathways, and resolution limits make 
delineation difficult. These do suggest a prominent restruc-
turing of the local coordination environment outside of the 
first shell, associated with the pressure transition. In part-
icular, as the transition is gradual above 35 GPa, it would 
be expected that further exploration of the RIXS could help 
to better understand the atomic shuffle associated with the 
transition.

4. Conclusions

This work has presented the first equation  of state results 
above 100 GPa, high temperature equations  of state, and 

RIXS and XANES spectroscopic studies of ceria near the 
phase transition. The application of pressure causes a high 
pressure structural transition at nearly 35 GPa, with our 
results indexed using the Pnam space group, in agreement 
with previous works [7, 8, 10, 23, 36]. This transition is 
found to be very sluggish in nature and extends to approxi-
mately 73 GPa with a large coexistence region under hydro-
static conditions. Including temperature as a parameter, the 
phase diagram indicates a discontinuous phase boundary, 
with regard to the initiation pressure indicating some struc-
tural related change between 20 and 200 °C. Further studies 
are planned to investigate this and extend both pressure and 
temperature range to determine if a similar occurrence is 
present for the completion pressures. Comparison between 
hydrostatic and non-hydrostatic conditions illustrates a 
substantial change in compressibility, with non-hydrostatic 
exhibiting a greater bulk modulus. Similarly, the initiation 
of the transition for the two types of experimental conditions 
shows a nearly 5 GPa reduction in the transition when non-
hydrostatic in pressure.

Pressure increase also shifts of all observed peaks in both 
the Ce LIII—(RIXS) and K-edge (XANES) spectra. This was 
found to initiate at nearly 26 GPa and progress to the limit 
of these experiments (P 33≈  GPa). Especially considering 
the decrease in the initiation pressure associated with non-
hydrostatic conditions, it is safe to say that these changes 
are clearly associated with the phase transition. Beyond just 
this, the resulting data suggests changes beyond the first 
coordination shell are ultimately present from comparison 
of the Fourier transform with the IFEFFIT scattering path-
ways. This first set of high pressure spectroscopic (RIXS and 
XANES) studies provides a valuable look at the effects of 
the high pressure phase transition on ceria. In addition, the 
high pressure x-ray diffraction results allow a window to help 
quantify the effects of hydrostaticity on the phase dynamics 
in ceria, which can likely be extended to cerium metal and 
other materials. While there is further work required to better 
understand the relation of the edge energy shift to the high 

Table 1. Experimentally determined equation of state parameters for CeO2 phases.

Temperature (°C) P (GPa) V0 (Å
3
) B0 (GPa) ′B0

20 130 158.63(7) 198(4) 5.4(3)
20 30 158.43(1) 188(5) 5.1(2)
20 (Non-hydro) 31 158.43(5) 262(4) 5.8(6)
100 24 158.73(6) 204(2) 4.2(2)
200 44 158.99(4) 202(3) 5.3(3)
300 43 159.80(3) 183(1) 5.4(2)

20 130 143.7(1) 287(1) 4.2(1)

20 (Non-Hydro, Ambient) [7] 70 157.9 (5) 230 (10) 4 (fixed)
20 (Non-Hydro, High P) [7] 70 121.9 (NR) 304 (25) 4 (fixed)
20 (Non-Hydro, Ambient) [10] 30 159.3 (NR) 248 (NR) 4.56 (NR)
20 (Hydro, Ambient) [23] 55 158.4 (2) 236(4) 4.4 (4)

Note: Birch–Murnaghan third-order equation of state [22] was used with all (V0, B0 and ′B0) values fit using EOSFit software [17]. Estimated errors are 
shown in parentheses after the value. Reference values from Gerward [23], Duclos [7], and Liu [10] are included for reference below the double line. NR 
stands for not reported.
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Figure 4. Pressures and volumes resulting from the x-ray pattern 
refinements (a) were extracted and plotted to determine the 
equations of state associated with the individual isotherms. To help 
ensure clarity, the individual isotherms have been separated. In each 
case, the coexistence region between the high pressure and ambient 
pressure phases is wide ranged and completion is only found for the 
ambient temperature curve. Initiation and completion pressures for 
the CeO2 high pressure phase have been determined and plotted as 
a function of temperature (b). In this, the ambient pressure points 
are found to deviate from the high temperature trend. Dashed lines 
are included in this plot to indicate the high temperature trend for 
the initiation pressure, with the completion pressure having an 
identical line projected through the ambient temperature completion 
point. For the high temperature points, the completion of the 
transition was not observed up to 45 GPa, suggesting a similar 
wide coexistence region as with the ambient temperature point. 
Depictions of the ambient and high pressure phases are inset on the 
temperature pressure plot.
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pressure structural change, these results present a strong base 
for extended exploration of actinide oxides and their unique 
properties.
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